Abstract This paper addresses a local environment recognition system for obstacle avoidance. In vision systems, obstacles that are located beyond the Field of View (FOV) cannot be detected precisely. To deal with the FOV problem, we propose a 3D Panoramic Environment Map (PEM) using a Modified SURF algorithm (MSURF). Moreover, in order to decide the avoidance direction and motion automatically, we also propose a Complexity Measure (CM) and Fuzzy-Logic-based Avoidance Motion Selector (FL-AMS). The CM is utilized to decide an avoidance direction for obstacles. The avoidance motion is determined using FL-AMS, which considers environmental conditions such as the size of obstacles and available space. The proposed system is applied to a humanoid robot built by the authors. The results of the experiment show that the proposed method can be effectively applied to a practical environment.
Introduction
The study of humanoid robotics has recently evolved into an active area of research and development. Studies have been published in many related areas of research, such as autonomous walking, obstacle avoidance, stepping over obstacles, and walking up and down slopes and stairs. Yagi and Lumelsky [1] presented a robot that adjusts the length of its steps until it reaches an obstacle, depending on the distance to the closest obstacle in the direction of motion. If the size of the obstacle is small, the robot steps over the obstacle; if it is too tall to step over, the robot starts sidestepping until it clears the obstacle. Obviously, the decision to sidestep left or right is a pre-programmed one. Kuffner et al.
[2] presented a footstep planning algorithm based on game theory that takes into account the global positioning of obstacles in the environment. Chestnutt et al. [3] and Michel et al. [4] presented visionguided foot planning to avoid obstacles using Asimo Honda. These systems get environment information from a top-down view installed above the humanoid robot.
Stasse et al. [5] and Kanehiro et al. [6] presented a stereovision-based locomotion planning algorithm that can modify the robot's waist height and upper body posture according to the size of the available space. Ayaz et al. [7] suggested a footstep approach suited to cluttered environments using a footstep planning algorithm that depends on the obstacle conditions. Gutmann et al. [8] suggested a modular architecture for humanoid robot navigation consisting of perception, control, and planning layers. The existing methods mentioned above use a global path planner that knows all the information on the walking environment. Global path planners, which provide information regarding the walking path and obstacles, have been used to guide humanoid robots to pre-defined goal positions [3, 8] . However, this assumption that the path planner knows all everything about the walking environment in advance is not appropriate if a humanoid robot walks through an unknown environment. Recently, local environment recognition systems have been studied. Wong et al. have proposed path planning systems using IR-sensor-based fuzzy controllers [19] and vision-based fuzzy controllers [20] . However, these systems do not supply decisions for avoidance direction and the first system does not provide accurate environment information due to the error of the IR sensor. Moreover, the vision-based fuzzy controller has problems with obstacles beyond the FOV and multiobstacle avoidance.
Therefore, in this study, we focus on a local environment system for obstacle avoidance using a 3D-vision system. In particular, we address the Field of View (FOV) problem. Because the FOV problem occurs whenever humanoid robots meet obstacles that are too large, humanoid robots cannot precisely estimate the obstacle size and decide the appropriate motion. Therefore, we propose a Panoramic Environment Map (PEM) using a Modified Speeded-Up Robust Feature (MSURF). The conventional SURF [9] has weaknesses with respect to rotation and viewpoint change [10] ; therefore, we modified the descriptor of the SURF algorithm by replacing the gradient-based method with a Modified Discrete Gaussian-Hermite Moment (MDGHM) method [11] .
In [20] , the vision-based fuzzy controller contained a fixed rotation angle according to the avoidance direction, which is inefficient when obstacles are of varying sizes. In this case, the humanoid robot finds it hard to escape various obstacles using only rotation motions with a fixed rotation angle. Therefore, the united avoidance motions of the humanoid robot need to be divided into avoidance direction and avoidance motion in terms of efficiency and adaptability of obstacle avoidance in an unknown walking environment. To achieve this, we propose a Complexity Measure (CM) and Fuzzy-Logic-based Avoidance Motion Selector (FL-AMS). The CM calculates the complexity of avoidance direction so that a humanoid robot can decide the avoidance direction by itself. The CM values measure the threat to the walking humanoid robot. A high CM value means that the walking environment for the humanoid robot is complex and difficult. As a result, the robot avoids the obstacle by walking in the direction with a lower CM value in terms of efficiency of motion. In addition, we also propose the FL-AMS method to avoid obstacles using environment information. The fuzzy-logic-based control method does not require a mathematical model and has the ability to approximate nonlinear systems. In addition, it can be easily implemented and extended without additional computational cost. In order to specify various motions in the robot, we define the avoidance motion as a combination of two motions based on four basic motions: sidestep walking (S), forward walking (F), rotation walking (R), and turning (T). The FL-AMS determines the optimal avoidance motion according to the environment information extracted from the PEM.
The remainder of this paper is organized as follows. In Section 2, we introduce the local environment recognition system. Section 3 gives the results of experiments to verify the performance of the proposed system. Section 4 concludes the paper by presenting contributions and plans for future work.
Local Environment Recognition System Using Modified SURF-Based 3D Panoramic Environment Map
To overcome the FOV problem, we generated a 3D Panoramic Environment Map (PEM) using a MDGHMbased SURF algorithm. From the PEM, we can obtain information about obstacles that exist beyond the limited FOV. Then, environment information, such as the location or sizes of obstacles, is extracted. Finally, avoidance motion planning, including avoidance direction and avoidance motion selection, is performed. Detailed methods are presented in the following subsections.
Architecture of Overall System
The overall local environment recognition system architecture is illustrated in Figure 1 . The system largely consists of two parts: (1) PEM generation and extraction of environment information, and (2) determination of avoidance direction and avoidance motion. In the first part, we use an MSURF algorithm to generate the PEM. The MSURF algorithm has a modified version of the descriptor stage in the SURF algorithm. In [9] , SURF was shown to be sensitive to rotation and viewpoint change caused by the gradient method. Therefore, we modified the conventional SURF using a moment-based method. 
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In (27), the CMs for obstacles located on the left side of the robot have negative values, and the CMs for obstacles located on the right side of the robot have positive values. Therefore, the avoidance direction can be determined by the summation of all CMs over all obstacles. If D is positive, the robot turns to the left, and if D is negative, the robot turns to the right.
Decision of Avoidance Motion Using a Fuzzy-LogicBased Avoidance Motion Selector (FL-AMS)
After choosing the direction to take to avoid the obstacle, a motion type must be selected based on the environment conditions. To achieve this purpose, we need an intelligent control approach. Fuzzy logic is one such approach that does not require mathematical modelling and has the ability to approximate nonlinear systems. In addition, it can be easily implemented and extended without additional computational cost. Therefore, we propose a fuzzy-logic-based avoidance motion selector (FL-AMS).
In order to perform fuzzification [15] , the difference i w between the obstacle width and robot width and the space difference i S between the avoidance space width and the robot width are set up as the input variables. Figure 10 shows the input and output membership functions. As shown in Figure 10 , triangular-type membership functions and fuzzy-singleton-type membership functions are used for the input and output variables, respectively. The term sets of the input and output variables are selected as follows: 
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